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ENVIRONMENTAL EFFECTS ON THE INCUBATION TIME
CHARACTERISTICS IN STRESS-CORROSION CRACKING

SUMMARY

The objectives of the research are to (i) explore the incubation time characteristics in
stress-corrosion cracking with the influence of the anodic dissolution cracking and
hydrogen assisted cracking in different environments and at various applied stresses,
and, (ii) quantify the incubation time with respect to the driving force considering the
environmental effect.

Extensive stress corrosion cracking (SCC) experiments were conducted on 7075-
T651 aluminum alloy and the high strength martensitic steel AISI 4340 (yield stress =
1503 MPa) in sodium chloride (NaCl) aqueous solutions of different concentrations.
The experiments on AISI| 4340 were conducted under the controls of constant load,
constant crack opening displacement (COD), constant loading rate, and constant COD
rate. Despite the differences in controlling conditions, the experiments yielded similar
results for the threshold stress intensity factor and the plateau velocity in the 3.5 wt%
NaCl solution. Dependence of the plateau velocity on the NaCl concentration was
observed, while the values of the threshold stress intensity factors appear to be
independent of the NaCl concentration in distilled water. Stress corrosion cracking was
observed in silicone oil and in paraffin and the general cracking phenomenon was
similar to that occurred in water and NaCl solution but at a much lower velocity.

SCC experiments on 7075-T651 aluminum alloy were conducted in a chromate-
inhibited, acidic 3.5% NaCl aqueous solution using compact tension specimens with a
thickness of 3.8mm under permanent immersion conditions. The effects of loading
magnitude, overload, underload, and two-step high-low sequence loading on incubation
time and crack growth behavior were investigated. The results show that the SCC
process consists of three stages: incubation, transient crack growth, and stable crack
growth. The incubation time is highly dependent on the load level. Tensile overload or
compressive underload applied prior to SCC significantly altered the initiation time of
corrosion cracking. Transition from a high to a low loading magnitude resulted in a
second incubation but much shorter or disappearing transient stage. The stable crack
growth rate is independent of stress intensity factor in the range of 10 to 22 MPam .
SCC experiments were also conducted in aqueous solution with NaCl concentration
ranging from 0.01% (0.0017 M) to 5.0% (0.855 M) to study the influence of NaCl
concentration on SSC behavior. For a given NaCl concentration, the relationship
between the applied stress intensity factor and the incubation time follows a power law
function similar to that of the S-N curve in fatigue. There exists a demarcation NaCl
concentration of 0.1% which results in the shortest incubation time and the fastest
plateau velocity. Incremental load experiments were conducted to determine the
threshold stress intensity factor K .. for different NaCl concentrations. It was found

that K, decreases with increasing NaCl concentration from 0.03% NaCl to 0.35%

NaCl. The K, value is almost identical in the range 4.0~4.5 MPa/m when the NaCl
concentration is higher than 0.35%.
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I. AISI 4340 STEEL

1.1. INTRODUCTION

Environmentally assisted crack growth or stress corrosion cracking (SCC) is one of
the major sources of failure in engineering structures and machine components and has
been studied over the decades. Significant amount of research including experimental
work and modeling efforts has been made on the subject of interaction of the stress and
the corrosive environments in metallic materials. It has been established [1-4] that SCC
occurs under the influence of tensile stresses and corrosive environments. Despite the
generally accepted notion that the tensile stress is a necessary condition for SCC to
evolve, it has been shown that SCC can also occur under compressive loads in 7075
aluminum alloy [5]. The mechanism of SCC depends on the material, environment
state (gaseous or liquid), and the environmental species. It has been established that
high-strength steels with martensitic structures are susceptible to hydrogen-assisted
cracking (HAC) [6-11, 12, 13, 14] which is related to embrittlement due to hydrogen
diffusion. Experiments with Hz gas charging revealed the dependence of cracking
mechanism on the processes of hydrogen diffusion into the crack tip and the distribution
of hydrogen among microstructural sites [4, 7, 15-18]. It was shown that the
temperature and pressure of supplied dry hydrogen and H,S gas have significant effect
on the threshold stress intensity of cracking (K,..) [14, 19]. It was determined that

K . increased with decrease in hydrogen pressure. With an increase in the threshold

stress intensity, the fracture mode shifted from intergranular cracking to the microvoid
coalescence [19]. Hydrogen embrittlement appears to be a function of the
microstructure and loading rate. In materials with higher segregation of impurities at the
grain boundaries, intergtanular hydrogen assistsed cracking prevails due to hydrogen
trapping at the grain boundaries. On the other hand, hydrogen embrittlement by
dislocation motion (plastic strain controlled process) can be achieved in materials with
decreased amount of hydrogen traps along the grain boundaries and can lead to
transgranular cracking [15].

Low alloy high strength steels have been known to develop SCC in water and saline
solutions. Significant amount of work has been directed towards the investigation of
SCC in aqueous environments with sodium chloride [2-4, 20-28] as well as other
dissolved species [1, 29, 30]. In aqueous environments, the hydrogen atoms become
available as a result of electrochemical reactions at the crack tip and are absorbed into
the material by the diffusion process [4, 22, 31]. The crack-tip reactions are rather
complex and generally consist of anodic and cathodic reactions, and hydrolysis of metal
ions [4, 11, 22, 26, 32]. The subsequent hydrogen diffusion occurs under the
hydrostatic stress condition. The crack tip processes depend on a variety of factors



which complicate the development of standard testing procedures in stress corrosion
cracking experiments [33].

It should be mentioned that, from the historical retrospective, the experimental work
on environmentally assisted failure started with utilizing smooth dog-bone shaped
specimens subjected to static load in corrosive environments. Later, the concepts of
fracture mechanics and use of fatigue pre-cracked specimens were introduced into
practice in order to facilitate the SCC process [34]. The first experimental observations
on SCC of high strength steels using fatigue pre-cracked specimens revealed the crack
growth curves containing the plateau region where the crack extension velocity was
virtually independent of the applied stress intensity factor and introduced the concept of
threshold stress intensity for stress corrosion cracking [34-37]. A variety of specimen
configurations was used in the experiments including standard compact tension (CT),
cantilever beam (CB), and wedge opening load (WOL) specimens. Crack extension
was typically detected by potential drop, variation in crack opening displacement (COD),
or acoustic emission techniques [38, 39]. Each specimen configuration enabled testing
under control of constant load or constant displacement, thus adding more variables
into the experimental practice [40]. In addition, the effect of loading history (pre-
cracking stress intensity in particular) became evident and resulted in significant
experimental research [41-44]. Of particular interest is the result produced by Rieck
and co-workers [44] who showed the possibility of complete inhibition of SCC by
introducing creep in dry non-cracking environment prior to stress corrosion testing.
Fracture mechanics aspects [45] as well as material-stress-electrochemistry coupling
effects [46-50] were investigated and considered in the experimental programs. Among
the multitude of factors affecting the environmentally assisted cracking in aqueous
environments, the effect of polarization received a significant attention. It was
determined that the application of anodic potential significantly reduced the crack
growth rate as compared to the application of cathodic potential [50]. X-ray analysis of
residual stresses near the SCC fracture surfaces revealed existence of tensile residual
stresses under applied cathodic potential while compressive residual stresses were
found in the specimens to which anodic potential was applied [47].

The strain rate at the crack tip is associated with the dislocation motion and
influences the transport of the hydrogen into the metal matrix [15]. When cracking
occurs in water, the only source of hydrogen is the cathodic reduction. Since the
cathodic reduction is a function of the anodic dissolution, which in turn is a crack tip
strain controlled process, the hydrogen diffusion and hydrogen embrittlement appear to
be a strain rate dependent process [25]. It was observed that under very high strain
rates at the crack tip, SCC did not occur due to insufficient time for electrochemical
reactions to develop [51]. At the same time, very low strain rates allowed for the
complete formation of the passive film at the crack tip which restricts the SCC process
[2]. Therefore, a balance between the development of fresh crack and the corrosion



processes needs to be maintained in order for the crack to grow. Such a balance was
one of the primary subjects of investigation with the introduction of rising load and rising
displacement conditions into experimental practice [62-55]. Significant amount of work
on loading rate related processes in SCC of high-strength steels has been done by
Dietzel and co-workers [16, 27, 56-58] in an effort to develop a new technique for a
faster determination of the threshold stress intensity factor (K ..). It was shown that

the displacement rate and the loading rate controlled experiments yielded the same
values of K. as the one traditionally obtained from the constant load experiments [20,

56]). The extensive experimental work on fatigue pre-cracked SCC specimens under
loading rate conditions led in the year 2003 to a new ISO standard governing the use of
rising load or rising displacement controls in the SCC experiments for various materials
[59]. ‘

Anodic dissolution plays an important role in the SCC process by dissolving the
metal generally along a specific path which for high strength steels coincides with the
prior austenite grain boundaries [25]. Therefore, the effect of prior austenite grain size
on the SCC rate has been a subject of study [24, 60, 61]. It was shown experimentally
that the prior austenite grain size has no effect on K, . when cracking occurred in the

3.5% aqueous NaCl solution and in distilled water [24, 25]. At the same time, it was
observed that a decrease in prior austenite grain size led to a decrease in the crack
growth rate.

Apparently, the SCC growth is influenced by the concentration of the chloride ions in
the solution. It was shown that an increase in the NaCl concentration in saline solutions
decreased the crack growth rate [22, 62] under otherwise identical conditions. While
chloride ions did not enter the hydrolysis process and were irrelevant to the hydrogen
reduction, they degrade passive films on the crack flanks during SCC [26]. It should be
mentioned that, to the best knowledge of the authors, the effect of the concentration of
CI” on SCC in the high-strength steels has not been investigated in detail and deserves
an additional consideration. Most of the available experimental work was done either in
distilled water or in simulated seawater with 3.5% NaCl concentration.

The current investigation is an experimental study of the environmentally assisted
cracking in AISI 4340 steel in aqueous solutions of different NaCl concentrations. A
series of experiments were designed and conducted using the compact tension (CT)
specimens in an effort to understand the effect of NaCl concentration on the threshold
stress intensity factor and the plateau crack growth velocity. Experiments with different
loading rates were conducted in order to study the loading rate effect on the SCC of the
material under investigation. The experimental set-up was so designed such that a
real-time in situ observation of the crack extension can be made to produce accurate
first-hand data.



I.2. EXPERIMENT

The material under investigation is AISI 4340 steel which has been used in
aeronautic applications including landing gears and reductors. The chemical
composition of the material is shown in Table I. Prior to final machining of the testing
specimen, the material was heat treated at 860°C for one hour followed by quenching in
agitated warm oil, then tempered at 300°C for two hours and air cooled.

Table 1. Chemical composition of AlSI 4340, wt%

C Cr Mn Mo Ni Fe
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Fig.1 Stress-strain curves obtained from experiments for (a) monotonic tension
and (b) monotonic torsion

Table 2. Static material properties of AlSI 4340

Elasticity Modulus £ (GPa) 207 Ultimate Strength S, (MPa) 1754
Shear Modulus G (GPa) 80.86  Engineering fracture stress (MPa) 2183
Poisson’s Ratio u 0.28 Engineering Fracture Strain ¢, 0.257
Yield Stress o, (MPa) 1503 Reduction in Area R, (%) 44 1

In order to determine the static material properties, one smooth dog-bone shaped
specimen was tested under monotonic tension. The gage length of the specimen was
12.7mm and the diameter was 8.0 mm. The stress-strain curve obtained from the
monotonic tension test is shown in Fig. 1(a). Another smooth dog-bone shaped



specimen was subjected to pure monotonic torsion loading. The gage length was 25.4
mm and the diameter within the gage length was 12.0 mm. The surface strain was
measured by using an extensometer with 3% shear strain range. The extensometer
was removed from the specimen after the surface strain reached its range. The surface
shear strain higher than 3% was determined by the measured rotational angle of the
actuator through a relationship between the surface shear strain and the rotational
angle established before the removal of the extensometer from the specimen. The
surface shear stress was determined following the Nadai’s formula [63]. The shear
stress-shear strain curve obtained from monotonic torsion is shown in Fig. 1(b). All the
static material properties of the 4340 steel are listed in Table 2. It is noticed that the
monotonic torsion experiment is advantageous to monotonic tension because it
eliminates the process of necking and enables to obtain the true fracture stress and
strain of the material.

Round compact tension (CT) specimens, as shown in Fig. 2, were machined from
commercially obtained 4340 steel round bar with a diameter of 44.44 mm in the
transversal direction (CR orientation [21]). The heat treatment procedure described
previously was done to the specimens prior to testing. The thickness of the specimens
was 3.8 mm. Notches were cut using the EDM (electro-discharge machine) process in
order to eliminate cold work associated with the traditional saw cutting and drilling. One
side of the specimens was polished in order to facilitate the observation of crack growth.
The specimens were placed into ultrasonic cleaner prior to testing to remove the
residual materials from machining and polishing.
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Fig. 2 Compact tension specimen used in the SCC experiments (all dimensions
are in mm)
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Fig. 3 Experimental setup for SCC experiments; (a) schematics, (b) photo picture

The crack growth experiments were conducted using an Instron 8870 material
testing machine with a 25 kN capacity load cell. Schematics of the experimental setup
are shown in Fig. 3. The specimen was placed into a transparent acrylic chamber
containing the solution and the crack extension was measured with help of a long-
distance optical microscope QM100 (working distance from 150 to 380 mm). The
volume of the chamber was 6L and the specimen was installed in such a way that the
solution covered approximately 2/3 of the specimen (Fig.. 3). The chamber remained
naturally aerated during the experiment. The microscope was mounted on a stage
allowing for horizontal and vertical motions. The microscope was equipped with a CCD
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camera and a direct real-time observation of the crack was done using the computer
output and position digital display. A modified clip-on gage was attached to the knife
edges of the specimen (Fig. 2) and connected to the Instron electronic control channel
which allowed for the acquisition of the data and the control of the crack opening
displacement (COD). All of the experiments were conducted at a free potential. In all of
the experiments in saline solution, the bulk pH value of the solution was equal to 7 and
all the experiments were conducted at room temperature.

With the configuration of the setup described, several types of experiments were
conducted with different controlled variables. The experiments were performed under
the following controlling conditions: constant load ( P = const ), constant COD (6 = const ),
constant displacement of the loading point of the specimen (A = const), loading rate
control (dP/dt =const), and COD rate control (dé/dt=const). The details of the

experiments are listed in Tables 3-7. Pre-cracking with decreasing loading amplitude
was performed on all of the specimens prior to SCC testing in the solution with the
maximum stress intensity factor in a loading cycles being less than 7.0 MPa m'2,

Table 3. Constant load experiments

Spec# NaCl Step# P, Kor, Kin, K, a;, ay, tne, (da/dl),
% kN MPa MPa MPa mm mm sec mm/sec
m1/2 m1/2 m1/2 .
HT-24 0 340 2570 25.70 90.80 8.004 19.846 203 1.61e-2
HT-26 0 3.00 2580 2280 76.13 8.006 19.473 631 1.90e-2
HT-36 3.5 1 2.80 491 18.00 19.90 6.276 7.338 180 -
HT-27 3.5 1 1.80 548 15.00 1570 9.140 10.153 83 -
3 1.00 ... 1420 6113 14562 24.277 ... 4.02e-3
HT-33 0 1 2.97 5,22 20.00 2270 6.807 7.818 127 -
3 0.80 ... 14.80 72.60 16.952 25700 ... 1.6%e-2
HT-34 0.35 1 2.36 548 18.00 19.00 7.996 8.559 246 -
3 1.10 ... 16.80 59.27 15.187 23.755 ... 4.25e-3
HT-40 0.0035 1 2.25 598 14.20 15.08 6.245 6.826 159 -
3 1.00 ... 1260 58.77 13405 24125 ... 6.86e-3
HT-39 0.0105 1 2.20 525 1360 2137 6.064 10.154 171 -
3 1.10 ... 2480 4290 18621 22163 ... 5.36e-3
P - Applied load

Kor = Maximum stress intensity factor at the end of fatigue pre-cracking

Ki, — Stress intensity factor at the beginning of the experiment

K; — Stress intensity factor at the termination of the experiment

a; — Crack length at the beginning of the experiment measured from the line of applied load
ar— Crack length at the termination of the experiment measured from the line of applied load
tinc — Crack incubation time based on 0.5 mm crack length

(da/dr) ,-average plateau velocity



Table 4. Constant COD experiments

Spec# NaCl Step# 0, Kin, K, a; a,

% mm MPam"? MPam'" mm mm
HT-27 3.5 2 0.042 15.70 11.80 10.153 14.325
HT-33 0 2 0.062 23.90 13.40 7.994 16.953
HT-34 0.35 2 0.070 18.33 12.39 8.586 15.188
HT-40 0.0035 2 0.051 16.93 11.12 7.223 13.267
HT-39 0.0105 2 0.063 21.38 11.83 10.155 18.517
HT-37 0.015 2 0.240 39.17 17.29 18.881 28.138

0 — Displacement of the notch flanks at the edge of the specimen (COD displacement)
Ki, — Stress intensity factor at the beginning of the experiment
Kr — Stress intensity factor at the termination of the experiment
a; — Crack length at the beginning of the experiment measured from the line of applied load

ar— Crack length at the termination of the experiment measured from the line of applied load

Table 5. Constant displacement at loading point experiments

Spec# NaCl Step# 4, Kor, Kin, K, a,, ar, tne,  (da/dt),

% mm MPa MPa MPa mm mm sec mm/sec

m112 m112 m1/2

HT-29 0 0.191 26.2 26.20 1458 8.048 2856 245 8.91e-3
HT-30 3.5 0.141 19.75 21.60 13.50 8.000 26.75 265 3.48e-3
HT-31 3.5 0.122 19.82 18.05 1496 8.009 2766 288 3.15e-3
HT-28 35 5 0.121 17.44 11.85 9.715 26.27 3.79%e-3
HT-36 3.5 2 0.150 16.02 12.30 8.041 2523 4.51e-3

A — Displacement of the actuator at the point of load application

Kor — Maximum stress intensity factor at the end of fatigue pre-cracking
K, — Stress intensity factor at the beginning of the experiment
K;— Stress intensity factor at the termination of the experiment
a; — Crack length at the beginning of the experiment measured from the line of applied load

as— Crack length at the termination of the experiment measured from the line of applied load
tinc — Crack incubation time based on 0.5 mm crack length

(da/dr) ,-average plateau velocity



Table 6. Loading rate controlled experiments

Spec# NaCl Ste dP/l, Kor, Kin, K, a;, ay, Kiscc  (da/dt),
% p# N/sec MPa MPa MPa mm mm MPa mm/sec

m1/2 m1/2 m1/2 m1/2
HT-38 0.0228 0.278 5.54 833 57.31 6.02 18.33 9.48 3.78e-3
HT-37 0.015 1 0.100 5.22 8.34 39.17 6.04 18.69 10.9 4.50e-3
HT-43 0.012 0.100 4.80 79 41.21 594 18.19 9.75 3.90e-3
HT-42 0.0 0.100 4.73 8.0 58.0 6.22 20.16 9.41 1.02e-2
HT-41 3.5 ... 0100 473 7.97 3294 6.00 16.05 10.9 4.18e-3
HT-44 0.0 1 0.100 4.28 917 1295 595 8.03 10.35 4.45e-3
0.0035 2 0.100  5.07 8.56 19.37 8.29 13.85 9.90 4.45e-3
0.035 3 0.037 851 10.11 18.12 14.13 1832 10.27 4.45e-3
HT-47 0.35 1 0.100 4.08 8.14  20.32 6.05 13.61 8.30 3.20e-3
2 0.044 6.78 8.14  58.45 14.32 24.44 9.59 3.20e-3
HT-51 3.5 0.0325 3.60 8.97 64.35 6.28 20.43 12.83 3.16e-3
HT-52 3.5 2 1.000 6.60 3.10 53.69 8.19 1485 10.84 3.39e-3
HT-54 3.5 1 0.050 5.37 6.33 22.20 6.18 1176 12.18 2.80e-3
2 3.000 6.04 7.09 90.95 13.69 18.02 11.58 2.80e-3
HT-55 3.5 1 3.300 5.20 0.61  30.08 596 786 11.55 3.02e-3
2 7100 6.77 0.85 44.28 9.14 1051 1299 3.02e-3
3 7500 7.12 1.06 52.22 1165 1261 12.64 3.02e-3
4 0.680 7.96 6.54 32.58 14.78 18.55 9.83 3.02e-3

dP/dt - Rate of applied external load

Kor — Maximum stress intensity factor at the end of fatigue pre-cracking
Ki, — Stress intensity factor at the beginning of the experiment
Kr — Stress intensity factor at the termination of the experiment

a; — Crack length at the beginning of the experiment measured from the line of applied load
ar— Crack length at the termination of the experiment measured from the line of applied load
Kiscc — Threshold stress intensity factor in stress corrosion

(da/dt) ,-average plateau velocity



Table 7. Experiments under COD rate control

Spec# NaCl do/dt, Kpn Kin, K, aj, ay, Kiscc  (da/dt),
% mmisec MPa MPa MPam'? mm mm MPa  mm/sec

m1/2 m1/2 m1/2
HT-45 3.5 1.0e-04 490 6.97 51.49 5.92 14.01 9.96 3.33e-3
HT-48 3.5 2.0e-05 4.36 4.37 19.56 6.01 18.24 12.06 3.86e-3
HT-49 315 2.0e-04 3.56 1.94 53.94 6.41 7.61 12.91 2.26e-3
HT-50 3.5 1.0e-05 4.49 4.49 13.89 6.32 16.24 11.54 3.12e-3

do/dt - Rate of crack opening displacement
Kor — Maximum stress intensity factor at the end of fatigue pre-cracking
Ki» — Stress intensity factor at the beginning of the experiment

K;— Stress intensity factor at the termination of the experiment

a; — Crack length at the beginning of the experiment measured from the line of applied load
a;— Crack length at the termination of the experiment measured from the line of applied load

Kiscc — Threshold stress intensity factor in stress corrosion

(da/dr) ,-average plateau velocity

K, Stress Intensity Factor, MPa m'
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Fig. 4 Multiple step experiment with constant load and constant COD control
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As can be seen in Tables 3-7, a majority of the specimens was tested in multiple-
step experiments. When the applied load is kept constant, the stress intensity factor
increases with the crack extension. When the COD is fixed, the K value decreases with
increasing crack length. Therefore, the crack growth curve can be obtained in several
steps using a single specimen with different controlled loading conditions. The
approach is illustrated in Fig. 4 using the results from Specimen HT-40 tested in
0.0035% NaCl solution. It can be seen that the combination of two controls, constant
COD and constant load, can yield a crack growth curve covering all the three stages
typically observed in the SCC experiments as illustrated in the insert in Fig. 4.

The multi-step experiments under loading rate control were designed to maximize
the experimental data that can be obtained from one single specimen. When the same
specimen was tested in several loading steps under different loading rates, fatigue pre-
cracking with decreasing amplitude was performed between two loading steps in order
to produce a fresh fatigue crack tip each time before the SCC test. The same was done
in the case when the experiments were conducted with different NaCl concentrations.
Using the loading rate control, the whole crack growth rate curve can be obtained
starting from the threshold stress intensity value.

1.3. RESULTS

The current section describes the experimentally obtained results of SCC growth of
the 4340 steel. The section is arranged into sub-sections with an emphasis on a
particular phenomenon being investigated. The presentation of the crack growth curves
is made following the accepted format of the crack growth rate versus the stress
intensity factor on a log-log scale. The stress intensity factor was calculated using the
following formula [64] for the round CT specimen,

K=P-C -F(a),

i a
(1= ’a=—, 1 1
< JW - B W (1)
F(a) = 2+ a)0.76 + 4.8 —11.58a” +11.43a’® — 4.08a*)
| (1-a)¥?

where a is the crack length measured from the line of externally applied load P
and# and B are the width and the thickness of the specimen, respectively (Fig. 2). Eq.
[1] was obtained by the boundary collocation method and has an accuracy of 0.3%
when 0.2 <a <1.0 [64].

The primary data collected as a result of the experiment were the crack length and
the elapsed time. A parabolic curve was adopted to best fit a set of seven successive
data points in the experimentally obtained relationship between the crack length and
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time. The crack growth rate at the middle point was determined from the derivative of
the parabola. Detailed experimental results are tabulated for each specimen tested in
Appendix A for the 4340 steel.

1.3.1. Effect of Loading Rate

The effect of loading rate on SCC for the 4340 steel was investigated in 3.5% NaCl
aqueous solution. Two types of experiments were employed: load rate controlled and
COD rate controlled. In all of the experiments, the rate of controlling variable was kept
constant. The primary interest was the effect of the loading rate (crack tip strain rate)
on the average plateau velocity and the threshold stress intensity factor. The results
are shown in Fig. 5. The first plot (Fig. 5(a)) represents the dependence of the SCC
threshold stress intensity factor on the rates of COD and the applied load. The loading
and COD rates at the onset of cracking are represented as the rate of stress intensity
factor on the horizontal axis in Fig. 5(a). Figure 5(b) shows the average plateau
velocities corresponding to different values of applied dP/dt and dé/dr. The markers
in Fig. 5 represent the experimentally obtained data points and the thick dotted lines are
placed on the graphs to indicate the mean value of the measured quantity.
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Fig. 5 Effect of loading rate on (a) threshold stress intensity X, .. and (b) average
plateau crack growth velocity

It can be seen from Fig. 5 that within the range of the applied COD and loading
rates used in the experiments, the values of the SCC threshold intensity factors and the
plateau crack growth velocities are not practically influenced by the loading rate nor the
controlled loading mode (load versus COD). This observation confirms the results
previously obtained by Dietzel and co-workers [16, 27, 58].

It should be mentioned that a complete SCC crack growth curve can be obtained
only with certain values of COD rates. The variation of the stress intensity factor with
the crack length in a constant COD rate controlled experiment in 3.5% NaCl aqueous
solution is shown in Fig. 6. It can be seen that under very low rates of COD, the stress
intensity factor remains practically constant with the crack extension. In such a case,
only the threshold value of the stress intensity factor can be determined from the
experiment and the rest of the crack growth curve cannot be obtained.
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Fig. 7 Variation of COD with time in an experiment with constant load rate control

The experiment with linearly increasing applied load, on the other hand, results in a
continuously increasing K , which allows for the determination of all of the stages in the
crack growth curve within one experiment. Figure 7 shows the variation of the applied
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load and the corresponding COD as a function of time in a load rate controlled
experiment. The experiment was performed at a constant loading rate (linearly
increasing load) of dP/dt=0.1 N/s and produced a complete crack growth curve for

the material. It can be seen from Fig. 7 that while the load is changing linearly with time,
the COD vs time relationship is similar to a parabolic curve. Therefore, in order to
obtain the results corresponding to a constant loading rate experiment, the COD rate
should not be constant.

1.3.2. Effect of NaCl Concentration

Nine different concentrations of sodium chloride (NaCl) in water solution were used
in the current investigation. The NaCl concentration ranged from 0% (distilled water) to
3.5% (simulated seawater). The values of the threshold stress intensity factors were
determined from the load rate controlled experiments and correspond to a first observed
crack extension of 0.01mm from the crack tip formed by fatigue pre-cracking prior to the
SCC test. All the results for the effect of NaCl concentration are shown in Fig. 8.
Experiments were conducted with constant load, constant COD, and constant load rate
controls. All of the experiments were performed at free potential and at the room
temperature without aeration.

The crack growth results in Fig. 8 display typical SCC behavior with the crack
growth curve consisting of three stages, as depicted schematically in the insert in Fig. 4.
Stage | is the near threshold (subcritical) crack growth where the velocity of crack
propagation strongly depends on stress intensity factor K. Stage Il is often called a
plateau crack growth and within this range the rate of crack extension is nearly
independent of K. Finally, the third stage represents the catastrophic failure of the
specimen and is not represented in Fig. 8 because most of the specimens in the current
investigation were not loaded until complete separation.
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Fig. 8 SCC experiments in aqueous NaCl solution of different concentrations

It can be seen from Fig. 8 that the change in the NaCl concentration has practically
no effect on the threshold values of the stress intensity factor and the near-threshold
crack growth. At the same time, it can be found that an addition of NaCl to the solution
slows down the plateau crack growth as was observed earlier [22, 62]. The highest
values of da/dr are reached in pure distilled water. With the addition of sodium and
chloride ions, the crack growth rate within the plateau region decreases. It should be
noticed that the crack growth rate curve in pure water is distinguishable from the SCC
growth curves in saline solutions by the absence of the pronounced plateau in Stage II.
In other words, the velocity of crack extension in pure water is dependent on the stress
intensity in all three stages of crack growth.
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One particular phenomenon regarding plateau crack propagation velocity can be
observed from Fig. 8. A decrease in the plateau crack growth rate does not occur
continuously with increasing NaCl concentration. Two groups of crack growth curves,
one corresponding to the NaCl concentration lower than 0.011% and one with the NaCl
concentrations higher than 0.011% can be distinguished in Fig. 8. A further illustration
of this phenomenon is shown in Fig. 9 which depicts the average plateau velocity of
crack growth as a function of the NaCl concentration. It can be seen from Fig. 9 that the
NaCl concentration of 0.011% can be viewed as a “critical concentration” separating two
groups of crack growth curves (dashed vertical line in Fig. 9). The first group with the
NaCl concentrations being lower than the critical number behaves close to the SCC in
pure water. If the NaCl content is increased by 1.5x107° wt%, the plateau velocity
decreases to the values characteristic for the SCC in the 3.5% saline solution.
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Fig. 10 Dependence of K. on NaCl concentration

Figure 10 is a plot of K. versus the NaCl concentration in the distilled water
solution. As was stated earlier, the NaCl concentration has no practical influence on the
threshold stress intensity factor. The K, .values are confined within the range of
9.4~13.0 MPaJm , as being indicated by the dashed lines in Fig. 10. The
K, distribution has no correlation with the NaCl concentration. The average

K, value was found to be 11.07 MPa</m (thick blue line in Fig. 10).

1.3.3. Microscopic Observations and Crack Morphology

An examination of the fracture surfaces under the scanning electron microscope
(SEM) revealed the intergranular cracking mechanism typical for heat treated 4340 steel
[65, 66] in all of the specimens subjected to environmentally assisted cracking (Fig. 11).
The mechanism is not influenced by the loading rate or the NaCl concentration and
there was no significant differences observed in fracture morphologies of the specimens
tested under different loading conditions.
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Fig. 11 SEM photograph illustrating intergranular SCC in AlSI 4340 steel

It has been generally accepted that the yield strength influences the threshold value
of the stress corrosion and hydrogen assisted cracking [7, 4, 25, 62] while the plateau
velocity is not significantly dependent on the strength of an alloy [25]. The particular
microstructural cracking mechanism, however, is a function of a rate limiting process,
i.e., anodic dissolution or hydrogen embrittlement. In the case of hydrogen assisted
cracking, the transgranular or intergranular path of a crack is dependent on segregation

- of impurities, which serves as hydrogen trapping sites, along the grain boundaries [15].

At the same time, experimental observations point to a connection between hydrogen
induced cracking and plastic deformation by slip on the {110} planes [4, 15]. Such a
deformation mechanism leads to transgranular cracking induced by a local process of
plastic strain due to the motion of dislocations. Both mechanisms can be activated
during the SCC and the final fracture mode depends on the hydrogen distribution
among the trapping sites.

In the present investigation, in situ observation of the SCC crack extension through
the optical microscope allowed for the acquisition of rather peculiar cracking behavior of
AlSI 4340. Figure 12 shows the photograph of a growing SCC crack captured with the
CCD camera attached to the microscope. It can be seen that the crack propagation
consists of a number of small steps (“cells”) in which the crack is separated in two
branches which later tend to merge together. While the overall plateau velocity remains
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constant, the crack propagation is slower when the new “cell” is being formed by crack
deviation in two branches. Once the “cell’ has started to form, the crack extension
becomes faster until the branches come together and the new step is starting to emerge.
The schematic representation of the crack growth process is shown in the drawing in
Fig. 12. The average vertical distance between the two branches forming a cell is
approximately 30 um which is comparable to the size of two grains of the pre-eutectoid
austenite. Such a mechanism was observed in all of the specimens regardless of the
NaCl content and loading control mode. It should be mentioned that fatigue cracking of
the material under investigation was observed to be also intergranular. However, one
clearly distinguishable main crack was observed in fatigue cracking. Therefore, the
“cellular” structure of SCC can be attributed to the combined effect of the environment
and the static load.

R A A SR

R 4 X N X

Fig. 12 Photograph of a propagating SCC crack (Specimen HT-43, dP/dt=0.1N/s)

Out of 27 specimens tested in the current investigation, seven specimens
developed branching of the main crack during the stress corrosion experiments.
Multiple macroscopic branches were observed as illustrated by the photograph in Fig.
13 (dP/dt =0.1 N /sec, 0.012 wt% NaCl). The branching features were not dependent
on NaCl concentration in distilled water and were observed in specimens subjected to
constant load as well as linearly increasing load conditions. Crack branching has been
previously observed in high strength steels subjected to stress corrosion cracking [30,
67, 68-70]. It should be mentioned that the propagation mechanism described above
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(Fig. 12) can be considered as microscopic branching since the main crack essentially
consists of two propagating branches forming the “cells” and separated by 30 [im
vertically. The formation of such “cells” on the microscopic level, however, does not
influence the overall plateau velocity of SCC. When the macroscopic branching occurs,
the propagation rate of the main horizontal crack significantly slows down as illustrated
in Fig. 14. It should be mentioned that the onset of macroscopic branching was
observed to occur at specific values of the stress intensity factor ranging from 29.4
MPaJm to 34.7 MPa\/m . Previous work on SCC of 4340 steel with yield stress equal
to 1530 MPa in 0.1N H>SO4 solution [30] showed occurrence of branching at stress
intensity approximately equal to 2.5 times K, ... With the average threshold stress

intensity of 11.07 MPa/m determined in current investigation, the onset of branching

can be expected at K =28 MPaJm which is close to the observed range indicated
above.

Fig. 13 Branching of the stress corrosion crack (dP/dt =0.1 N /sec, 0.012 wt%
NaCl)
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1.4. DISCUSSION

Stress corrosion cracking (SCC) of metallic materials is a rather complex
phenomenon involving processes of both metallurgical — electrochemical interactions as
well as stresses and strains in the material. The real difficulty is presented when
characterization of the mechanism of interaction between the environment and
mechanical processes is required. The rate and mechanism of environmentally
assisted cracking for a given material depends on many parameters including not only
the chemical species in the environment but also the physical state of the media and the
temperature [26]. Therefore, it has been accepted [21] that the formulation of a general
model for the mechanism of SCC is rather an unreasonable goal since the specific
processes operate depending on the details of the environmental and metallurgical
conditions. In aqueous environments, a general statement can be made that the stress
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corrosion cracking is influenced by the crack tip slip processes, the anodic dissolution,
the electrochemical reduction, and the subsequent hydrogen absorption leading to
hydrogen embrittlement [7, 21, 22, 26, 48, 71]. The critical combination of these
processes leading to SCC can be considered as a mechanism of environmentally
assisted crack growth [3, 21].

The first systematic collaborative experimental studies of the SCC behavior of the
4340 steel probably started with the Round Robin test program using the wedge
opening load (WOL) specimens initiated in 1974 [20, 72] and involved 20 participating
laboratories. The objective of this research was to develop a standard test procedure
for the determination of the threshold stress intensity factor using the WOL specimens.
Large amount of data from the experiments on 4340 steel with o, =1254 MPa showed

values of K, ranging from 23.3 to 26.8 MPaJm . Experiments conducted by the
researchers employing the WOL and CT specimens later yielded the range of K

ISCC
from 9.7 MPa\m (o, =1682MPa) [73] to 116 MPaym (o, =985MPa) [74]. Resent

research by Raman et al [75, 76] using circumferential notch tensile (CNT) specimens
as a substitute for traditional CT geometry produced values of K,.. close to 15

MPam (o,=1470MPa). In the present work, the average value of K . for AISI
4340 with o, =1503 MPawas determined to be 11.07 MPav/m which is very close to

K e =11.9 MPaJm determined by Hirose and co-workers for the AISI 4340 steel with

the yield stress equal to 1530 MPa [46]. The values of threshold stress intensity and
plateau crack growth velocity available from the research results reported in literature
are arranged in Table 8. In addition to yield stress values, the controlling conditions
during the experiment and the specimen types are specified in Table 8. The values of
threshold stress intensity factors obtained in the current investigation are compared to
the data from the literature in Fig. 15. The results taken from the literature are
represented by open circles and the results of the present experiments are shown with
filled markers. The solid line represents the reference exponential fit of the data and the
dashed lines show the 100% spread from the reference line. Significant amount of
scatter can be observed in Fig. 15 and there is a rather large variation in K . values

for an identical yield stress. An overall tendency of decreasing threshold stress intensity
with increase in o, can be observed despite the scatter. It can be seen that the data

obtained in the present investigation falls within the scattering band in Fig. 15.
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Table 8. Results of SCC of AISI 4340 in aqueous environments from literature

o, Ksce (da/dr) , Testing Specimen 0
(MPa) (MPa-m) (mm/ s) Method Type NaElie RER
1530 11.9 40x10™
1330 20.6 i CLyCD CT 3.5  [46)]
1201 21.0 RD CT SS  [45)
1700 8.0x10™ CL DCB 0 [44]
1240 21.7~345 CD WwoL 35  [20]
1.01x107"
1240 27.9~33.4 CL, CD CB, WOL 3.5  [40]
~1.35x107%
-03
1379 27.47 i il cL cB 35  [36]
~4.66x10
1103, 1240 956, 40.7 CD WoL SS  [52
1379~1682 9.7~ 33 €D WOL 35 [73]
1312~ 1475 16 ~22 8.1x107 EL SEN 35  [31]
1.33x10™
1388 ~ 1554 21.14~291 X190 CL 35  [52]
~3.8x107"
3.4%10™*
970~1700 T CcD DCB 0 [25)
1034, 1379  12.1~60.4 CL CcB 35  [49]
2.5x107
1420 cD WOL 0,35 [22]
1.4x107"
1163 35,375 1.1x107% RD CT SS  [58)
6.7x107%
1095 83~89 . RL cT Ss  [55]
o 0 [
1027 ~1573 8.57 ~58.10 RL, CD CT, WOL 35  [53]
15.38 ~
1689 ~1827 el EL cB 35  [60]
1470 15 EL CNT 35  [75)
6.0x107"
12;2 16.6 3 cL cT 0 [23]
1.6x107"

(da/dr) ,- Average plateau crack growth rate

CD - Constant displacement (decreasing K) control during the experiment

CL - Constant load (increasing K) control during the experiment

CK - Constant K control; RL — Rising load experiment

RD - Rising displacement (constant rate of COD) control

SS - Simulated seawater

SEN - Single edge-notched specimen; CNT — Circumferential-notched specimen
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Fig. 16 Plateau velocity as a function of yield stress for AlSI 4340 steel

The average plateau velocity as a function of the yield stress is shown in Fig. 16 for
the 4340 steel. The detailed values of the plateau velocities are listed in Table 8 under
the column “(da/dt) ,." The open circles represent the results from the literature and

the solid markers are the results obtained from the current study. Itis clear that, as a
general tendency, a higher yield stress results in a higher plateau velocity.
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In addition to the threshold values, the constant load experiments provide the
information regarding the crack incubation time. In the present investigation, the
experiments under constant load control revealed that the incubation time is practically
zero when K> K, if pre-cracking is done with a low K _, and crack growth is

max

observed directly at a microscopic level (Table 3). Previous investigations on 4340 with
a yield strength o, =1654 MPa [66], however, demonstrated the existence of rather

prolonged incubation times (from 11 to 3000 minutes) even when the fatigue pre-
cracking was done with maximum stress intensities lower than the initial values of K in
stress corrosion cracking. The difference most likely can be explained by different
definitions of the incubation time concept. While in the current investigation the
incubation time is defined as a time required for a crack to extend by 0.01 mm, the
incubation time in [66] was treated as time when the crack growth rate reaches the
plateau regime.

The constant COD experiments used for the threshold intensity factor determination
can take very long time (up to 7,000 hours) when the low initial values of K are applied
[20]. Therefore, efforts were directed towards developing techniques to accelerate the
determination of the threshold [52-55]. Three fracture mechanics based testing
approaches (constant load, constant displacement, and constant displacement rate)
were applied and compared by Dietzel and co-workers [56] in the experiments on 2024
aluminum alloy. The resulted values of K. and the plateau crack growth velocities

were very similar in all of the three applied testing techniques [66]. The applicability of
rising COD control to the SCC experiments was further investigated with other metallic
materials including AISI 4340 [16, 27, 54, 57, 58] and the results confirmed that the
experiments with faster constant displacement rates can be used in place of time-
consuming constant load tests. It should be mentioned that the degree of influence of
the loading rate on the threshold stress intensity, however, depends on the
manufacturing process applied to the material. Research on Ti alloys [77, 78]
demonstrated that within the same range of dK/dt , age hardened and cold worked
materials exhibit different behavior of X .. as a function of loading rate.

In the present investigation, independence of both the threshold stress intensity
factor and the plateau velocity of AlSI 4340 of the testing technique was confirmed with
the experiments in the 3.5wt% NaCl solution. It was observed, however, that the
linearly increasing COD controlled experiments may not provide a complete crack
growth curve due to the nature of variation of stress intensity factor in such experiments.
In the experiments with low rates of COD, the value of K stays almost constant with the
crack extension, which restricts the results to the region of Stage | in the crack growth
curve. Under higher values of displacement rates, Stage | is missed and the
experiment can yield the growth data starting from the plateau regime which may give
an erroneous estimation of the threshold stress intensity. In order to maintain an
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increasing K with time, the crack opening displacement should be increased
parabolically (Fig. 7). Based on the results obtained in the present investigation, it can
be stated that the experiments under linearly increasing loading are preferable when the
complete description of the three stages of crack growth curve is required.

It has been observed that, in general, addition of NaCl to solution decreases the
Stage |l crack growth rate in high strength steels [22, 62]. This conclusion is based on
the results of vast amount of experiments conducted in distilled water and in seawater
substitute (3.5% NaCl concentration). To the best of authors’ knowledge, a
comprehensive research of the chloride ions concentration influence on the SCC growth
had not been explored. In the present investigation, it was determined that a minor
difference in sodium chloride concentration can cause a sudden change in the plateau
crack growth rate. The experimental results obtained from nine different NaCl
concentrations in distilled water reveal that the crack growth curves can be divided in
two major groups, with each group having a similar Stage |l crack growth velocity (Fig.
8). The first group behaves close to SCC in distilled water and corresponds to the
concentrations lower than 0.011 wt% NaCl. The SCC behavior of the second group
with concentrations higher than 0.011 wt% is similar to that in seawater. Therefore, the
0.011 NaCl wt% concentration can be considered as a critical concentration that
influences the plateau crack growth rate in the high strength 4340 steel under
investigation. The mechanism of such an influence remains unclear, as it is known that
an increase in the chloride content in aqueous solutions enhances the growth rates in
steels with a yield stress less than 1241 MPa [79]. Therefore, the effect of the chloride
ions concentration depends on the strength and/or heat treatment of the material. The
chloride ions in the solution do not enter the hydrolysis reaction and are not responsible
for hydrogen reduction [26]. As a result, the amount of hydrogen available for
absorption is dependent on the metal ions from the electrochemical reaction at the
crack tip and not on the chloride content. The critical concentration phenomenon
observed in present work requires further investigations with possible physical
explanation.

While the plateau velocity depends on the chloride concentration, the intergranular
fracture mechanism was observed to be independent of both the NaCl content and the
loading mode. It is known that the high strength steels are susceptible to hydrogen
assisted cracking [6-10, 15, 80]. Two possible mechanisms of hydrogen embrittlement
have been suggested: influence of hydrogen on crack tip plasticity and grain boundary
decohesion due to hydrogen trapping [15, 80-82]. Most likely, both of the mechanisms
are present in the SCC of the high strength steels, but the dominance of one of them
depends primarily on the amount of hydrogen traps at the grain boundaries, i.e., the
degree of phosphorus or sulfur segregation [80]. Experiments on double vacuum arc
melted Aermet 100 alloy, which is free of grain boundary impurities, revealed
transgranular fracture mode [7, 83]. In addition, unlike air melted 4340 steel, Aermet
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100 displayed sensitivity of K, to the chloride concentration [83]). Intergranular
cracking in 4340 steel together with rather high crack growth velocities observed in the
present experiments suggest that the stress-controlled and brittle cracking mode due to
reduced inergranular cohesion dictate the fracture in the material under investigation.

For the geometry of the specimen (Fig. 2) with 2R/W =1.33, the following formula
[84] can be used to theoretically determine the crack opening displacement (¢ ),

1{%) =1.742-0.495a + 14.71a* = 22.06a* + 14 .44a*

(2)

where E is the modulus of elasticity, a is the crack length measured from the line of
externally applied load P, and W and B are the width and the thickness of the specimen,
respectively. In experimental practice, the crack length can be obtained from Eq. [2]
when the COD and applied load are recorded during the experiment.
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Fig. 17 Crack length measured during the experiment and obtained from Eq. [2]

Comparison between measured and calculated crack length is made in Fig. 17 using
the data from the two specimens tested under dP/dr=0.1N/sec control. Markers

represent the experimentally measured crack extension using the optical microscope
and the lines represent the solution of Eq. [2] based on the recorded values of the
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applied load and the measured COD. It can be seen that overall the crack length
calculated based upon the stress intensity factor using Eq. [2] is in the good agreement
with the values obtained by direct observation using a reading microscope, especially in
the plateau region. However, Eq. [2] is based on the assumption of single main crack in
the specimen. When the crack extension is deduced from Eq. [2], the phenomenon of
branching can be overlooked and rather erroneous results are obtained (Fig. 17).
Optical in situ measurement of crack growth provides unique and valuable information
allowing registration of every minor detail in crack growth behavior and thus providing
accurate results. The above arguments can be also extended to the case of potential
drop technique.

1.5 STRESS CORROSION CRACKING EXPERIMENTS OF 4340 STEEL IN SILICON
OIL, IN PARAFFIN, AND IN DRY AIR

Experiments were conducted for possible stress corrosion of the 4340 steel in silicon
oil and in paraffin. Both silicon oil and paraffin were chemically pure (100% pure,
insoluble in water). The specimens used were identical to those shown in Fig.2 and the
experimental setup shown in Fig. 3 was used for the stress corrosion experiments in
silicon oil and in paraffin. In silicone oil, the specimens were loaded at two different
loading rates: 0.1N/s and 0.2 N/s until the load reached 0.5 kN. Thereafter, the load
was controlled constant. In paraffin, the initial loading rate was 0.1N/s. The load was
kept constant during the stress corrosion experiment after reaching 0.4 kN. Kyscc was
determined when the crack started to propagate for approximately 0.01 mm.

Environmentally assisted crack growth in 4340 steel occurred in both silicone oil and
paraffin. Figure 18 shows the crack growth rate as a function of stress intensity factor.

Kiscc was found to be 16.5 MPav/m and 12.0, respectively, in silicon oil and in paraffin.
General cracking phenomenon is similar to that occurs in water and NaCl solution but at
a much lower velocity (Fig. 19). Right after Kiscc, the crack growth rate reached a high
value. This velocity gradually decreased with increasing K. It was found that the
surface crack profile (refer to Fig. 20) of SSC in silicon oil is also very similar to that in
NaCL solution: the crack propagation consists of a number of small steps (“cells”) in
which the crack is separated in two branches which later tend to merge
together(compare to Fig.12 for experiments in NaCl solution).
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(a) t=2358s, K=12.9MPavym  (b) t=3185s, K=17.4MPaVm  (c) t=3467s, K=19MPavm

(d) t=4482s, K=30MPaVvm

Fig. 20 Surface crack profile during stress corrosion of 4340 steel in silicon oil

Experiments were also conducted to check whether or not stress corrosion occurred
in dry air (relative humidity =12%) at room temperature. A specimen was loaded at a
rate of 2.0 N/s until the load reached 4.8 kN, and the load was then kept constant in the
rest of the experiment (refer to Fig. 21). Corresponding to an applied load of 4.8 kN, the
stress intensity factor is 67 MPaIm . Figure 21 shows the loading history and the
photographs taken on the specimen surface at different values of the stress intensity
factor. It can be found that the crack tip experienced plastic deformation as the load
increased. No crack advance was detected after holding the specimen at a constant K

of 67 MPa+/m for more than 15 hours. It should be noticed that a stress intensity factor

of 67 MPa/m is close to the fracture stress intensity factor of the material.

-31-



6 I B 70
g L 60
- 50
- 40
Loading history: — 30
Precracked 4340HT steel in air 20
—— Load

|
o
(wpedin) 10yoed Aysusiu| ssang

°°°°° Stress Intensity Factor

(@)
|
!
(@)

| I | I
0 20000 40000 60000
Time (s)

0.2mm

t=3188s t=11000s t=15875s t=20000s  t=20800s~56000s
K=19.8 MPaJm K=41.4MPaJm K=548 MPaym K=67 MPaym  K=67 MPaJm

Fig. 21 SCC behavior of 4340 steel in dry air at room temperature
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0.2mm

(a) Time=0

(b) Time=150 days

Fig. 22 Surface crack observation of a CT specimen made of 4340 steel subjected
to a constant stress intensity factor (30 MPam )

Another stress corrosion cracking experiment in dry air (12% relative humidity, room
temperature) was conducted at a constant K using a specially designed loading fixture.
The specimen was pre-cracked. A constant stress intensity factor of 30 MPaJm was
applied to the specimen. No crack advance was detected after three months (see Fig.
22). In fact, the specimen was checked recently after more than two years and no crack
propagation was found. It can be concluded that no stress corrosion occurs in 4340
steel in dry air (12% relative humidity) at room temperature.

1.6. CONCLUSIONS

Based on the experimental results of the stress corrosion cracking (SCC)
experiments on the AISI 4340 steel (yield stress=1503 MPa), the following conclusions
can be drawn,

1. K, and the plateau velocity are not significantly influenced by the loading rate.

2. Stage | crack growth can be obtained only when the loading rate is low.

3. COD rate control does not provide an avenue for the experimental determination of
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a complete stress corrosion (da/dt-K) curve.

. For 4340 steel, a load-control experiment can provide reasonable stress corrosion

results.

. While the threshold stress intensity is not influenced by NaCl concentration, the

plateau crack growth velocity depends on concentration of chloride ions. A critical
concentration of 0.011% was found to be a demarcation line between plateau
velocities close to distilled water and plateau behavior similar to that in 3.5% saline
solution.

. The cracking mechanism was observed to be intergranular and does not depend on

loading type or NaCl concentration.

. Stress corrosion cracking was observed in silicone oil and paraffin and the general

cracking phenomenon was similar to that occurred in water and NaCl solution but at
a much lower velocity. Right after Kiscc, the crack growth rate reached a high value.
This velocity gradually decreased with increasing K.

. No stress corrosion cracking occurred in 4340 steel in dry air (12% relative humidity)

at room temperature.
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Il. 7075-T651 ALUMINUM ALLOY

II.1. INTRODUCTION

High strength Al-Zn-Mg-Cu aluminum alloys (7XXX series) are widely used in
heavily loaded aircraft structures due to their high strength-to-density ratio. However,
this series of aluminum alloys is potentially susceptible to stress corrosion cracking
(SCC), particularly in aqueous solutions containing chloride ions. The susceptibility of
aluminum alloys to SCC in a corrosive environment can be evaluated using the pre-
cracked specimens in terms of the threshold stress intensity factor for SCC (K. ) and

the crack growth rate (da/dt) [85]. For a pre-cracked specimen of a commercial high
strength aluminum alloy, the curve of the crack growth rate (da/dt) versus stress
intensity factor (K) generally exhibits two distinguishable stages [86-88]. The crack
propagation rate increases sharply with stress intensity factor in stage | while is
independent of stress intensity in stage 1l. Lee et al. [88] suggested that SCC was
dominated by anodic dissolution (AD) in stage | and by hydrogen embrittiement (HE) in
Stage Il. Endo et al. [89] pointed out that X, the crack growth rate in stage Il, and

SCC mechanism depended on specimen thickness which determined the constraint
condition (plane stress or plane strain condition) at the crack tips. With the increase of
specimen thickness, K .decreased, while the crack growth rate in Stage Il increases

and became dependent on the stress intensity factor [89].

SCC of aluminum alloys is strongly sensitive to environmental, metallurgical, and
mechanical factors. The influence of various environmental variables, such as the
humidity of air, viscosity, temperature, acidity of the corrosive medium, and the type and
concentration of anions, on the SCC behavior of high strength aluminum alloys has
been studied [86-88, 90-93]. Speidel [86] reported that the rate of SCC growth in an
aluminum alloy in air increased monotonically as humidity of air was increased.
Different effects of various anions on SCC kinetics in aluminum alloys were also
demonstrated [87]. Le et al. [91-92] investigated the SCC behavior of 7075-T651 in
various electrolytes. It was found that an increase in the chloride ion content of
environment up to 0.6M enhanced the SCC growth rate, and the cracking was slower at
higher concentrations. Great efforts have been made to increase the stress corrosion
resistance (SCR) of high strength aluminum alloys by optimization of microstructure via
heat treatment [93-109]. Over-aging of 7xxx series showed high SCR but a
considerable loss in strength [93]. The retrogression and re-aging (RRA) applied to
7075-T6 aluminum alloy can result in the highest improvement in SCR with negligible
reduction in strength [96-97].

It was generally accepted that a tensile stress is a necessary condition for onset of
stress corrosion cracking. However, it has been shown that SCC can also occur under
compressive loads in aluminum alloys [110]. The threshold stress intensity nucleating
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SCC from the notched 7075 aluminum alloy in a 3.5% NaCl aqueous solution under the
compressive applied stress is much higher than that under tensile stress. At the same
stress intensity factor, the incubation period for SCC under compressive stress is one
order of magnitude longer than the corresponding value under tensile stress [110]. Pre-
straining or pre-stressing which introduces a residual tensile or compressive stress can
also have a significant effect on subsequent stress-corrosion behavior. It was observed
that tensile overloads generally resulted in an increased incubation time in the case of
7075-T651 aluminum alloy. Moreover, incubation time increases with increasing
overload magnitude [111]. At the same time, the experiments in 3.5% NaCl seawater
substitute solution with periodic overloads display a great decrease in corrosion fatigue
life of 7075-T651 alloy [112]. It was observed that in 7017-T651 aluminum alloy the
tensile residual stress developed at the notch tip after compressive pre-stressing
resulted in SCC in moist air even though no external load was applied [113]. Clark [114]
reported that notched specimens of 4340 steel exhibited an increased resistance to
SCC initiation when preloaded in tension and a decreased resistance when preloaded
in compression. As a practical technique, pre-stressing by controlled shot peening to
induce compressive residual stress at the surface material can improve the fatigue
resistance and stress corrosion resistance of 5000 and 7000 series aluminum alloys
[115]. Transient effects are observed following low-high “step” load changes during
stress corrosion tests [116]. It was reported that the SCC resistance of a notched
specimen can be increased by initially stressing it below the K ..level. It is best not to

increase the load stepwise during SCC tests in order to determine the K, .. accurately
[117-118].

Structural members typically experience a spectrum of loads in service. Therefore, it
is of interest to know how complicated loading history affects the subsequent SCC
behavior. The aim of this work is to present a set of experimental results which
describe the effects of load level in terms of stress intensity factor ( K ) and
overload/underload percentage on incubation time and stress corrosion crack velocity of
7075-T651 aluminum alloy. Also, the effect of high-low sequence loading on the SCC
behavior of the material was investigated.

II.2. EXPERIMENTAL PROCEDURE

The material used for SCC tests was hot-rolled plate of 7075-T651 aluminum alloy
with a thickness of 52.7mm. The microstructure of as-received rolled alloy under
investigation is shown in Fig. 23 as a 3D image illustrating the directionality of grains.
The etchant used in microscopic examination was Keller's reagent (2ml HF (48%), 3ml
HCI, 5ml HNOs;, and 190 ml H;O). The dark particle-like precipitates in the
microstructure are CroMgsAlis and (Fe,Mn)Als. Fibrous grains were observed along the
direction of rolling. The average thickness of grains was approximately seven microns.
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Fig. 23 Microstructure of 7075-T651 aluminum alloy

Static material properties were determined from the monotonic loading experiments
performed on the dog-bone shaped plate specimens. The experiments were conducted
on the specimens cut in three directions of the rolled plate following the designation
shown in Fig. 23. Three specimens were tested in each direction and the average
values of the material properties are listed in Table 9. The monotonic curves are
displayed in Fig. 24. It can be seen that the lowest ductility and the lowest yield stress
are observed in short transverse direction (S), which corresponds to the axis of loading
in the CT specimens shown in Fig. 25. SCC sensitivity of metals depends on grain
boundary orientation [119] and rolling direction. In 7075 alloy, S-L specimens show
intergranular SCC and higher sensitivity to SCC [120] while T-L specimens show much
less sensitivity to SCC [121]. In addition, it has been determined that variation of the
precipitates and dislocation structures does not influence directional sensitivity to stress
corrosion [122].
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Table 9. Static material properties of 7075-T651 aluminum alloy (E = 72 GPa)

S L T
Yield Stress (0.2% offset) @, (MPa) 421.0 494.0 487.0
Ultimate Strength o, (MPa) 462.7 563.0 540.0
Engineering Fracture Strain ¢ f 0.018 0.088 0.064
Monotonic Strength Coefficient K (MPa) 601.2 638.3 595.7
Monotonic Strength Hardening Exponent n 0.058 0.047 0.032
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| | | I I |
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g, Axial Strain
Fig. 24 Monotonic tensile curves of 7075-T651 aluminum alloy

Compact tension (C(T)) specimens of 7075-T651 aluminum alloy were used in SCC
experiments. The specimen dimensions are shown in Fig. 25(a). The specimens were
cut from the rolled plate in the S-L (Short Transverse - Longitudinal) direction as shown
in Fig. 25(b). In the SCC experiments, the stress was applied in the short transverse
direction to the grain structure, and SCC growth was in the longitude direction. The
thickness of the specimens was 3.8 mm. Notches were cut using the EDM (electro-
discharge machine) process in order to investigate the notch effect on fatigue crack
initiation, which is not reported in the current study. One side of the specimens was
polished in order to facilitate the observation of crack growth. The specimens were
placed into ultrasonic cleaner prior to testing to remove the residual materials from
machining and polishing.
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Fig. 25 Compact specimen used in the SCC experiments (all dimensions are in
mm): (a) specimen and (b) orientation of the specimens with respect to the rolling
axis
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Fig. 26 Experimental setup for SCC experiments
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The SCC experiments were performed in the aqueous solution containing 0.6M (3.5
wt%) sodium chloride, 0.02M sodium dichromate, 0.07M sodium acetate, plus 0.389M
acetic acid to pH=4. The solution can prevent formation of corrosion products and
facilitate observation of cracks [123-124]. Load was applied to the specimens via the
commercially supplied and calibrated load-rings (O-rings). The deflection of the loading
ring was measured with digital indicator mounted on the stand. The experimental setup
is shown in Fig.. 26. The specimen was placed into a transparent acrylic chamber
containing the corrosive solution. The volume of the chamber was one liter. To
measure the crack length, a long-distance traveling microscope with an accuracy of
readings of 0.001 mm was used. Measurements were done by an eight-hour interval.
The crack length was measured on one side of the specimen. No aeration was
supplied during the experiments. Solution in the chamber was replaced weekly. During
the SCC experiments, no protective coating was applied to the surfaces of the
specimens, and the specimens were not deliberately isolated from the loading system.
Although galvanic coupling between the testing specimen and the loading system was
inevitable, the crack growth at the crack tip was not observed after three months when
the applied load was much lower than K, ... Therefore, the influence of galvanic

corrosion on the SCC results (incubation time and crack growth rate) in this study was
insignificant. All the experiments were conducted at room temperature under free
corroding conditions. Details of the experiments are summarized in Tables 10-12.

Table 10. SCC tests on effect of stress intensity factor on incubation time (3.5%

wt NaCl, 0.6 M)
Spec.# P (kN) a,(mm) a,(mm) K, (MPa\m) 1. (5) e (5) (daldt) ,
(mm/ s)
SL51 0.76 14.07 38.702 5.8 407,850 1,679,140 1.61e-5
SL76 0.90 14.04 37.623 6.8 323,902 4,197,683 1.69e-6
SL39 1.02 14.21 26.520 8.0 190,834 1,307,914 1.81e-5
SL33 1.28 14.01 >23.58 9.8 132,374 >1,716,794 4.05e-6
SL41 1.28 14.18 21.812 10.0 118,874 853,062 1.44e-5
SL37 1.58 14.37 28.525 12.2 87,197 785,529 2.10e-5
SL77 2.08 14.16 >17.363 16.0 36,442 604,391 9.10e-6

Note: P -Initial applied load K, -Initial applied stress intensity factor
a, -Initial crack length a -Crack length at failure of specimen or termination of test
t,. -Incubation time 4, ~failure time (da/dr) ,-average plateau velocity
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Table 11. SCC tests on effect of overload/underload on incubation time (3.5% wt

NaCl, 0.6M)

Spec.# OUMUL (%) P (kN) a, (mm) a, (mm) K, t,. () e (5) (daldr) ,

(MPam) (mm/ s)
SL49 OL25% 1.30 13.99 23.12 9.97 160,554 1,185,560 3.41e-5
SL45 OL50% 1.32 14.08 25.61 10.10 432,100 - 1.51e-5
SL50 OL75% 1.27 14.19 27.49 9.83 332,848 1,298,675 2.06e-5
SL47 OL100% 1.31 14.18 17.41 9.93 913,099 1,065,827 1.85e-5
SL46 OL125% 1.13 17.08 25.86 10.32 940,051 1,322,839 2.75e-5
SL44 UL50% 1.32 14.07 30.24 9.93 102,644 1,059,503 2.34e-5
SL48 UL100% 1.30 14.11 26.35 9.84 79,423 - 1.48e-5

Note: OL/UL —Overload or underload percentage (dal dr) ,-average plateau velocity

Table 12. Effect of high —low sequence loading on SCC (3.5% wt NaCl, 0.6M)

Spe Step 1 (High load) Step 2 (Low load)
c.#
F, a K, | t.(s) | K, (da/dr)| P, (kN)|a, (mm| K, Lo (8) | 1y (5) | (daldr),
(kN) [(mm) | MPa/n] MPaJm] (mm/s) MPam (mm/s)
SL45 |1.316| 14.08 | 10.10 [432,100 | 15.34 [1.51e-5 | 0.66 22.01 | 8.27 466,389 | 923,880 | 8.26e-6
SL48 |1.299| 1411 | 9.84 | 79,423 | 12.27 [1.48e-5 | 0.942 | 20.77 | 10.7 174,140 521,279 1.34e-5

Note: K, -stress intensity factor when the first step is terminated

(da/dr) ,-average plateau velocity

Three types of SCC tests were designed to investigate the influences of loading
level and loading history on the SCC behavior of 7075-T651 aluminum alloys: (1) SCC
at different initial loading levels, represented by stress intensity factor (Table 10); (2) the
effect of overload/underload on SCC behavior at the same initially applied loading level
(Table 11); and (3) effect of high-low sequence loading on SCC behavior (Table 12). In
a high-low sequence loading test, the SCC test was interrupted when the stable crack
growth was established, followed by a load level reduction to a pre-selected level as
listed in Table 12.

Prior to SCC testing, the specimens were pre-cracked to 4 mm using a servo-
hydraulic machine in tension-tension loading. Pre-cracks were formed in ambient air by
fatigue loading. After pre-cracking, tensile or compressive overloads were applied to
selected specimens to study the effect of loading history on subsequent stress corrosion
cracking behavior. The rest of the specimens were tested in corrosive environments
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without application of overloading. In this case, the initial applied stress intensity factor
for SCC experiments was always 2 MPaJm higher than the maximum stress intensity
factor applied during pre-cracking. The primary result was recorded as experimental
data containing values of load calculated from the ring deflection, crack length, and time.
The crack growth rate was determined from the experimentally obtained measurement
of the crack length as a function of time. A parabolic curve was used to best fit seven
consecutive points in the crack length versus time curve. The crack growth rate was
obtained by taking the derivative of the fitting curve for the middle point.
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